Cyclopentadienyl ͑cpd͒, methylcpd ͑mcpd͒, fluorocpd ͑Fcpd͒, and cyanocpd ͑CNcpd͒ are generated photolytically, cooled in a supersonic expansion, and clustered with nonpolar solvents. The solvents employed are Ar, N 2 , CH 4 , CF 4 , and C 2 F 6 . These radicals and their clusters are studied by a number of laser spectroscopic techniques: Fluorescence excitation ͑FE͒, hole burning ͑HB͒, and mass resolved excitation ͑MRE͒ spectroscopies, and excited state lifetime studies. The radical D 1 ←D 0 transition is observed for these systems: The radical to cluster spectroscopic shifts for the clusters are quite large, typically 4 to 5 times those found for stable aromatic species and other radicals. Calculations of cluster structure are carried out for these systems using parameterized potential energy functions. Cluster geometries are similar for all clusters with the solvent placed over the cpd ring and the center-of-mass of the solvent displaced toward the substituent. The calculated cluster spectroscopic shifts are in reasonable agreement with the observed ones for N 2 and CF 4 with all radicals, but not for C 2 F 6 with the radicals. The Xcpd/Ar data are sacrificed to generate excited state potential parameters for these systems. CH 4 is suggested to react with all but the CNcpd radical and may begin to react even with CNcpd. van der Waals vibrations are calculated for these clusters in the harmonic approximation for both D 1 and D 0 electronic states; calculated van der Waals vibrational energies are employed to assign major cluster vibronic features in the observed spectra.
I. INTRODUCTION
The study of van der Waals ͑vdW͒ clusters of stable molecules has enjoyed a good deal of success and has yielded substantial information on the solvation of stable molecules. These results deal with many aspects of cluster properties and behavior: geometry of solvation and solvation sites, 1 solvation or binding energy, 2 rigidity, 1, 3 intermolecular vibrations, 4 potential energy surfaces, 5 dynamics 6 ͑intra-cluster vibrational energy redistribution-IVR, and cluster vibrational predissociation-VP͒, and chemistry 7 ͑e.g., electron transfer, proton transfer, and abstraction and addition reactions͒. The depth and breadth of these investigations are quite extensive and have often been reviewed. 8 Comparable results for nonstable, open shell molecules ͑e.g., radicals, carbenes, nitrenes͒ would perhaps be even more revealing because one expects the role of solvent to be much more central to the chemical and physical behavior of these systems than for stable closed shell molecules. Nonetheless, relatively few studies involving radicals and clusters can be found in the literature, due in part to the significantly increased difficulties encountered in generating, isolating, cooling, and clustering these short lived, reactive species. Of particular note for cluster studies of radicals are those involving OH-Ne, N 2 , H 2 , 9 NH, CH-rare gases, 10 CN-Ne, 11 C 2 H 3 O-Ar, 12 C 5 H 5 -He, Ne, N 2 , 13 C 5 H 4 CH 3 -He, Ne, 13 and CH 3 O, 14 NCO, 15 and C 6 H 5 CH 2 /Ar, N 2 , CH 4 , C 2 H 6 , and C 3 H 8 . 16 Reports involving vdW clusters of aromatic radicals are limited to the benzyl, cyclopentadienyl, and methylcyclopentadienyl radicals to the best of our knowledge.
In addition to being difficult to access experimentally, radicals and their interactions are also difficult to describe theoretically due to radical reactivity and electronic structure. The cyclopentadienyl ͑cpd͒ radical is perhaps the most accessible open shell aromatic radical. 17 The Xcpd (XϭH, F, CH 3 , CN͒ radical series is quite rich and a number of interesting observations can be made with these radicals; in particular, the ground state of cpd is degenerate and its JahnTeller properties can be explored, 17 and the substituent groups attached to the cpd ring can vary the electronic ͑elec-trophilic͒ nature of the radical with electron withdrawing, electron donating, and resonance stabilization interactions that tune both reactivity toward hydrogen abstraction and solvation interactions.
As part of an ongoing effort to study the reactions and intermolecular interactions of open shell species, we have carried out an extensive investigation of the aromatic family of cyclopentadienyl radicals, XC 5 H 4 ͑with XϭH, CH 3 F, CN-cpd, mcpd, Fcpd, CNcpd͒, clustered with nonpolar solvents. To determine the interactions, binding energies, and (D 1 ←D 0 ) spectroscopic shifts for these solvated radicals, both experimental and theoretical investigations are performed. Three types of experiments are undertaken for these systems: Fluorescence excitation ͑FE͒ spectroscopy, mass resolved excitation ͑MRE͒ spectroscopy, and hole burning spectroscopy. The spectroscopic results are analyzed with the aid of ab initio quantum chemical and semiempirical atomatom potential energy calculations. With these approaches a͒ Electronic mail: erb@lamar.colostate.edu we are able to ͑1͒ estimate ground-state binding energies, geometries, and van der Waals modes of the clusters; ͑2͒ generate potential energy parameters so that geometries, binding energies, van der Waals modes for electronic excited-state (D 1 ) clusters can be obtained; ͑3͒ estimate the validity of this approach to cluster properties; and ͑4͒ explore possible explanations for any systematic deviations between theory and experiment that may arise ͑e.g., reaction or charge transfer͒. In this present report ͑the first of a series of three, each dealing with a specific aspect of Xcpd vdW clusters͒, we analyze the interactions of the four radicals with the nonpolar solvents Ar, N 2 , CH 4 , CF 4 , and C 2 F 6 . The agreement between experimental and theoretical results for all but CH 4 clusters suggests that a good model for these clusters and their spectra can be achieved on both the ground and excited state potential surfaces. CH 4 appears to react with all but CNcpd on the excited state cluster potential surface. The CNcpd͑CH 4 ͒ 1 cluster appears to be commencing a reaction at the D 1 O 0 0 level of excitation.
II. PROCEDURES

A. Experimental
The details of our experimental approach and arrangements have been given in previous publications dealing with radicals and radical clusters. [14] [15] [16] In the fluorescence excitation experiments, a general valve pulsed nozzle is used to generate an adiabatic expansion of the appropriate mixture of molecular precursor for Xcpd ͑Ͻ1% of the total pressure͒, the solvent gas ͑0.1%-10% of the total pressure͒, and 50-400 psi He expansion gas. The stainless steel vacuum chamber into which the mixture is expanded remains at ϳ10 Ϫ4 Torr during the FE experiment. The precursor molecules for the Xcpd photolytic generation are methylcyclopentadiene dimer for cpd and mcpd, o-fluoroanisole for Fcpd, and phenylazide and phenylisocyanate for CNcpd. Phenylazide is synthesized according to Ref. 18 . Precursors are placed in a glass boat in the highpressure gas line just behind the nozzle entrance. Exact concentrations of various precursor species in the expansion mixture depend on the vapor pressure of the sample: Samples are typically kept in the nozzle at Ͻ40°C. Methylcyclopentadiene dimer is warmed within this range to generate monomer in the gas phase.
To produce radicals from the precursors, an ArF excimer laser output ͑193 nm, 80 mJ/pulse, 10 Hz͒ is aligned collinearly with the molecular beam axis and focused inside a quartz tube (1 cmϫ1 mm i.d.) attached to the exit of the nozzle, using a 30 cm focal length lens. A Nd/YAG pumped dye laser system is employed to study the D 1 ←D 0 optical transitions of the radicals and their clusters. The probe laser crosses the molecular beam about 1.5 cm downstream from the exit of the quartz tube. The dyes appropriate for these radicals are DCM ͑output doubled͒-Fcpd, LDS 698ϩDCM ͑output doubled͒-cpd/mcpd, and R590 ͑output mixed with 1.064 m͒ and F548 ͑output mixed with 1.064 m͒-CNcpd. Fluorescence is detected in a direction perpendicular to the plane formed by the molecular and laser beams. An RCA C31034A photomultiplier tube is used to detect the emission from the radicals and their clusters. UV340 ͑cpd, mcpd, Fcpd͒ and U360 ͑CNcpd͒ glass filters are employed to reduce scattered light from the excimer laser and other species generated in the molecular beam.
Hole burning ͑HB͒ experiments are conducted using two separate and identical laser systems with a time delay of 1 s between them. One laser (tϭ1 s) remains at a fixed energy to generate a level of fluorescence intensity from a specifically chosen transition of the cluster species. Another laser ͑four times higher in intensity, tϭ0 s) is tuned through the other nearby transitions that may or may not belong to the same cluster as the first transition. Transitions arising from the same ground state level as that generated by the fixed frequency laser ͑cluster of the same mass and structure͒ will cause the monitored fluorescence intensity to change and thus trace out the same spectrum as a single laser would. Transitions for a different cluster ͑either structure or mass͒ and those of the same cluster arising from an excited ground state vibrational mode of the cluster will, of course, not cause a change in the monitored fluorescence generated by the fixed frequency laser and will thus be absent from the HB spectrum.
Mass resolved excitation spectra ͑MRES͒ are obtained using an R. M. Jordan pulsed nozzle to expand the above described gas mixtures into a stainless steel vacuum chamber held at 1 to 2ϫ10 Ϫ6 Torr during the experiment. Typical gas expansion pressures for this nozzle and chamber are ϳ50-150 psi. The D 1 ←D 0 excitation laser for the radical species is the same as described above and a second similar laser is employed for ionization (l←D 1 ) of the clusters. The ionization laser uses fluorescein 548, and its output is doubled and then mixed with 1.064 m radiation to ionize the species studied.
B. Theoretical
A theoretical description of the clusters plays an important role in our understanding of both solvation and chemistry. Four experimental observations can be employed to check the accuracy of the theoretical approach: ͑1͒ The cluster spectroscopic shift, the difference between the bare radical transition energy and the cluster transition energy; ͑2͒ the cluster binding energies in different electronic states; ͑3͒ the cluster equilibrium structure as determined through rotational structure analysis; and ͑4͒ the cluster vdW vibrational energies in different electronic states.
A great deal of experience has been accumulated in the last two decades with regard to calculation of these experimental observables based on semiempirical potential energy surfaces for clusters of an aromatic chromophore molecule 1, 2, 19 solvated by both polar and nonpolar solvent molecules. For example, benzene-rare gas, CH 4 , H 2 O, NH 3 , C 2 H 6 2,19 clusters have been studied with regard to structure, binding energy, vdW modes and the calculated results are in good agreement with the experimental data. The cluster structure has, in general, the solvent molecule ring centered. Calculated binding energies are typically sufficient to predict accurate cluster dynamics and spectroscopic shifts. All of these results give great confidence in predictions of cluster properties based on semiempirical potential energy surface calculations.
Moreover, such calculations have proven their worth for aromatic and nonaromatic radical-solvent molecule clusters. Similar calculations have now been carried out for benzyl radical clusters, 16 and for CH 3 O 14 and NCO 15 clusters. Perhaps most impressive is that the calculated structures for CH 3 O and NCO clusters agree with those determined from resolved rotational structures for the cluster. These structures were not anticipated from previous experimental results. This important agreement between calculational and experimental results underscores the general predictive nature of the potential energy surface calculations based on semiempirical potentials. Of course, such potentials have a long history of success for the study of crystal structures, vibrational modes, and other intermolecular properties. 20 A second approach to such calculations should at least be considered and explored. Ab initio calculations can be attempted to determine these intermolecular interactions and properties. The difficulty with this algorithm is at least twofold: Very little experience with these closed and open shell system calculations exists so that one cannot have much predictive confidence in the results; and the very high level of calculation that must be employed to determine ͑relative͒ energies to Ϯ0.1 kcal/mol for both open and closed shell structures. Recall also that to fit much of the experimental data, properties for both ground and excited state clusters must be calculated.
Ab initio calculations of cluster structure, binding energy, and intracluster vibrational modes must begin with a large basis set for both heavy and light atoms. We use ccpVDZ or larger sets for most of our calculations as suggested below for partial atomic charge calculations. This set places p-functions on H and d-functions on the heavy atoms. Certainly, a post-HF nondensity functional algorithm must be used for the calculation, but a second-order Moller-Plesset ͑MP2͒ or MP4 calculation does not account for the static correlation or degeneracy problems that must arise for the cpd cluster systems. Thus, a proper calculation would include a full valence complete active space ͑CAS͒ method for the clusters and then MP2 or multireference configuration interaction ͑MRCI͒ on that wave function. Even at this level, one has little or no experience with the predicted results and how basis set superposition error will influence them. We are attempting such calculations for small radicals ͑e.g., NCO, CH 3 O, NO 3 , CH 3 ), with small solvents ͑e.g., CH 4 , HCN, CH 3 OH, H 2 O, etc.͒, but this work is still in progress. In any event, these calculations will not be of predictive value for experimental results until a number of different systems are studied at a series of basis set and algorithm levels.
Given the above presentation, the results presented in this work will be analyzed and assigned as appropriate through semiempirical potential energy function calculations as described below.
In order to understand and analyze the experimental results, an extensive series of calculations is performed on each solute-solvent system.
Cluster structure is determined by employing a potential energy calculation, based on atom-atom Lennard-Jones Coulomb potential energy functions,
͑1͒
in which
m is the electronic mass, ␦ i j is 1 when the atoms can form hydrogen bonds and 0 in the rest of the cases, q i , q j are the atomic charges for atoms i and j, D is the dielectric constant, r min is the sum of van der Waals radii r i ,r j and is different for each pair of atoms, ␣ i is the atomic polarizability and is evaluated from experimental data, N i is the effective number of electrons for each atom type, and r i j is the distance between atoms i and j of different molecules. The sums in Eq. ͑1͒ are carried out such that interactions are counted only once. Equation ͑1͒ generates a good description of the interactions between the molecules that form a vdW cluster if all the parameters are known; however, values for atomic charges in the Xcpd system are not available in the literature. Moreover, since the experimental information that must be fit to prove the structure and the interactions ͑cluster spectroscopic shift͒ involves both ground and excited state cluster binding energies, ab initio calculations for atomic charges in both states must be employed to evaluate the appropriate potentials. The ground and excited state Xcpd radical and ground state molecular solvent (N 2 , CH 4 , CF 4 , C 2 F 6 ) atomic charges are calculated using the GAUSSIAN 94 program package. 22 The results are summarized in Table I . Structures and transition energies ͑see Table II͒ are calculated for all radicals as a test of the quality of the calculational level employed. For cpd, mcpd, and Fcpd, the complete active space self-consistent field ͑CASSCF͒͑5,5͒/ccpVDZ theory level is found to be quite sufficient. The active space for the CASSCF is formed by all five -electrons of the ring and the five -orbitals. For CNcpd, the CN group electrons are also included in the active space and a CASSCF͑9,9͒/cc-pVDZ calculation is performed.
Calculation of the atomic charges is a complicated problem that requires careful selection of a basis set and the method employed to isolate charges. In Table III , cpd atomic charges, calculated using different basis sets, are shown. Two different methods are used in the charge determination: Mulliken analysis ͑columns labeled as ''a''͒ and a grid method to fit charges to electrostatic potential points 27 ͑col-umns labeled as ''b''͒.
By comparison with other aromatic ring systems, one can expect a charge somewhat larger than Ϫ0.1 a. u. for the carbon atoms and approximately ϩ0.1 on the hydrogen atoms. These are typical values for molecules such as benzene, benzyl radical, aniline, etc; however, Xcpd radicals have an unpaired electron on the ring so the charges on each carbon atom can be larger than for stable molecules.
The cpd ground state charge distribution given in Table  III generates C 2v symmetry, even though the molecular geometry is forced to be D 5h . This is due to the electronic configuration. The half-filled orbital has a C 2v symmetry, and this probably determines the charge distribution for the carbons. The barrier for the rotation of the C 2v geometry around the ring is very small, 17 and the result is an ''effective'' D 5h geometry. The mean of charges for all the carbons of the ring is employed instead of the particular values; of course, the same is true for the hydrogens, q C ϭϪq H . For the rest of the radicals, the substitution fixes the radical electron at the substituted carbon (C 1 ), leading to a C 2v symmetry for the ring charge distribution.
Table III also demonstrates that increasing the basis set complexity does not lead to a converged value for the charges if the Mulliken population analysis procedure is employed to generate them. Also the jump from a 6-31ϩ ϩG** to a cc-pVDZ leads to a completely different charge distribution within this approach. If a grid/potential procedure is used ͑columns labeled ''b''͒, the results from the calculations with the three smaller basis sets are not consistent with the shape of the half-filled orbital ͑with a large electron density in the carbons 1, 4, and 5͒, but if polarized functions are taken into account on the Hs ͑indicated by a second star͒, the charge distribution adopts a shape closer to that expected. Moreover, as the basis set size is increased, the charge distribution tends to a limiting value, independent of the basis set employed. As no difference is evident between the charge distributions obtained with 6-31G**, 6-31ϩϩG** and cc-pVDZ for cpd, we employ the 6-31G** basis set in the calculation of the rest of the radical atomic charges. The charges employed, together with the rest of the parameters, are shown in Table I . We estimate that parameter errors could be as large as ϳϮ10%.
To reproduce the experimental cluster spectroscopic shifts, excited state binding energies must also be calculated, but excited state values for q i , ␣ i , and r i are not found in the literature. To solve this problem and obtain excited state cluster binding energies we estimate the atomic polarizabilities and vdW radii for each excited state radical, using the Xcpd͑Ar͒ 1 cluster shift data ͑see Ref. 16 for a detailed description of the process͒. As a guide for this procedure, we consider that the atoms whose charges change more upon electronic excitation will also experience the largest change in their other parameters, due to the relationship between atomic charges, polarizabilities, and vdW radii. Additionally, we assume that the H atoms are not much affected by the electronic excitation. Thus, we assume that upon electronic excitation, only the radical carbon parameters change. For mcpd, the CH 3 group will not be affected by the excitation of the ring, and the same atomic parameters for the CH 3 group atoms are used in both electronic states. The same consideration can be made for Fcpd and the fluorine atom. The effect of both groups will be to add or withdraw electron density from the ring, and to a good approximation, they will affect both states in the same way. ͓Note that the transition 0 0 0 energies for the three radicals ͑cpd, Fcpd, and mcpd͒ are at ϳ30 000Ϯ600 cm Ϫ1 ͑see Fig. 1͔͒ . On the other hand, the CN group will be significantly affected by electronic excitation, due to the resonance between the CN triple bond and the ring. To estimate the excited state parameters for this case, we take into account which atomic charges change more upon excitation and assume that the other atomic parameters for these atoms are also more affected. The resulting parameters are shown in Table I .
Finally, the vdW modes of the cluster are determined by a normal coordinate analysis of the cluster employing the FG matrix method of Wilson et al. 28 Assuming that intramolecular vibrations are not coupled to the low-frequency intermolecular modes, this calculation will generate all the intermolecular vibrations and their eigenvectors in the harmonic approximation for both electronic states of the radicals. We have published 4 the two algorithms we employ to calculate van der Waals modes of clusters and demonstrated the effectiveness of this approach. Both methods generate the same eigenvectors and eigenvalues. These methods ensure that the van der Waals modes are calculated at the proper cluster equilibrium conformation for which all torques and forces on the molecules and atoms are zero. A number of examples are given in Refs. 4, 19, 28 , for closed shell systems and in Refs. 14-16 for open shell systems. One of the methods calculates van der Waals modes for fixed molecular geometries and the other calculates van der Waals modes following relaxation of the molecular geometry caused by the intermolecular potentials or forces. The results will be influenced by the accuracy of the geometry calculation, but this calculation is a reasonable starting point from which to assign cluster spectra. Figure 1 shows 29 within ϳ200 cm Ϫ1 of one another, while the Fcpd transition is ϩ1200 cm Ϫ1 higher in energy than that for cpd and the CNcpd tran-TABLE III. Calculated charges ͑in atomic units͒ for cpd radical, using a͒ Mulliken population analysis and b͒ potential grid. The charge calculation is carried out at CASSCF/6-31G** level using the structure found at CASSCF/cc-pVDZ level. The active space is formed by the 5• electrons of the ring and the five and * orbitals. sition is Ϫ2400 cm Ϫ1 below that for cpd. Almost all the intensity in these transitions is found in the 0 0 0 feature. This absence of vibronic intensity away from the origin can be associated with two phenomena. First, the Franck-Condon factors for this transition clearly favor the origin intensity as can be readily seen in Table II ) has a lifetime of 36 ns. Presumably higher states have much shorter lifetimes. The spectra displayed in Fig. 1 are taken with a narrow time window, which tends to reduce the relative intensity of the origin with respect to the higher vibronic features. If a 150 ns window is used to collect these spectra, the ratio l(0 0 0 )/l(vibronic) is even much larger than shown in Fig. 1 .
III. RESULTS
A. Bare radicals
Exactly why this lifetime shortening is observed is not clear. For most aromatic radicals ͑e.g., Xcpd, benzyl, xylyls͒ the observed D 1 state is the first excited state, and at 20 000-30 000 cm Ϫ1 above the ground state the density of coupled D 0 states should be large and fairly constant. Calculations suggest that the next doublet state is more than 5000 cm Ϫ1 to higher energy and that the lowest quartet state is even higher in energy.
Detection of these radicals through mass resolved excitation spectroscopy has proven difficult, probably due to a small ionization cross section; nonetheless, the mass detected spectrum for CNcpd ͑ionization energy 72 993 cm
Ϫ1
͒ is obtained along with that for CNcpd͑Ar͒ 1 . At least part of the difficulty with this latter detection scheme is that the photolysis process ͑193 nm light͒ used to generate these radicals causes a great deal of precursor fragmentation, and the Xcpd signal-to-background ratio approaches 1:1 for high excimer laser power. Additionally, the ionization laser must be focused to create sufficient ion signal and it too can generate ion fragmentation. The concomitant loss of information on these radicals and clusters is partially addressed through hole burning ͑HB͒ experiments.
B. CNcpd/Ar, N 2 , CH 4 , and C 2 F 6 clusters CNcpd clusters present rich, intense spectra as can be seen in Figs. 2-5 . To distinguish between cluster and bare radical peaks, to test for the existence of more than one cluster configuration, and to identify hot band features, HB spectra are also obtained.
CNcpd"Ar… 1
The spectrum of the CNcpd͑Ar͒ 1 cluster is given in Fig.  2 . The origin of the D 1 ←D 0 transition for CNcpd͑Ar͒ 1 is at 27 052.6 cm
Ϫ1
. The two most evident features of this spectrum are the large cluster spectroscopic shift ͓E(cluster 0 0 0 ) ϪE(radical 0 0 0 )-see Table IV͔ and the large number of apparent cluster vibronic features. This is common for nearly all of the cluster spectra reported in this study. Figure 6 gives the calculated ground state structure for the CNcpd͑Ar͒ 1 cluster. The argon atom coordinates to the ring -system at a distance of ϳ3.46 Å, and is displaced from the ring center toward the CN group. Only one minimum energy structure is found for this cluster; the Ar atom can move above the ring with little change in energy for roughly Ϯ0.25 Å. These calculations are in agreement with the HB spectra also presented in Fig. 2 . These structures is quite similar to those found for both open and closed shell aromatic systems clustered with Ar. 16 This cluster is employed, as explained in Sec. II B, to determine the CNcpd excited state potential energy function parameters given in Eq. ͑1͒. The large red shift observed suggests that dispersion forces ͑here in the Lennard-Jones form͒ play a significant role in the cluster binding energy as the Coulomb term is zero for this cluster.
As can be seen in Table V, the agreement between theory and experiment, as the calculated values do not always match those observed as well as might be hoped. The problem here is probably twofold: ͑1͒ The actual potential is quite flat near the bottom of the well and not very harmonic; and ͑2͒ the excited state surface, which is generated to fit the Xcpd͑Ar͒ 1 cluster shift in the form of Eq. ͑1͒, contains errors from both electronic state potential energy surfaces. We thus base the vdW mode assignment on four principles: ͑1͒ C s totally symmetric modes ͑, the z-stretch, and b y , the y axis translation, in practice͒ will form the more intense vibronic progressions for a given spectrum; ͑2͒ the calculation does get the proper order for the vibrational energies as E(b y )ϽE(b x )ϽE(); ͑3͒ displacement of the solvent species over the ring should be in the ϩy (XϪC 1 ) and z directions upon electronic excitation; and ͑4͒ in general, the calculation of the mode energy in the cluster excited state is typically high by roughly 30%. Keeping the above in mind, we assign the progressions of peaks with spacing 23.5, 19.5, 18.7, and 16.9 cm Ϫ1 in Fig.   2 as b y0 n (nϭ1 -4). The feature at 49.9 cm Ϫ1 ͑labeled in Fig.  2 as ''a''͒ can be assigned as due to , and the peak at 72.3 cm Ϫ1 from the cluster origin as b y0 1 0 1 . This assignment is also consistent with the expected Franck-Condon factors. The solvent molecule is expected to have a shift in the y and z axes from ground to excited states, due to the differences in the Ar-CN interaction. The x axis position of the solvent molecule should change little in the excitation. This is exactly the case for the calculated excited state cluster structure of CNcpd͑Ar͒ 1 ; moreover, all the other Xcpd͑Ar͒ 1 behave in a nearly identical manner upon electronic excitation.
The two peaks to the red of the origin, at 19.0 and 39.6 cm Ϫ1 can be assigned as b y1 0 and 1 0 , respectively. 
CNcpd"N 2 … 1
One of the weakest cluster spectra for this system is that belonging to CNcpd͑N 2 ͒ 1 , as shown in Fig. 3 . Because these features are so weak, two CNcpd hot bands also appear in the cluster spectra; they are identified through hole burning studies, as can be seen in Fig. 3 . Again the cluster spectrum is quite rich; most main features are composed of doublets or triplets, due to the rotational levels associated with N 2 rotation above the ring about the cluster z ͑out of the molecular plane͒ axis. 13͑b͒ The HB spectrum demonstrates that this additional structure is real and that only one cluster conformer exists. The cluster origin lies at 27 021 cm Ϫ1 . The spectroscopic shift for CNcpd͑N 2 ͒ 1 is Ϫ123.6 cm Ϫ1 . The calculated shift is large ͑Ϫ87 cm Ϫ1 ͒ but is still considerably smaller than the observed one ͑see Table IV͒. Since the other calculated shifts for N 2 solvated Xcpd radicals are in much better agreement with experimental ones than that for CNcpd, we have no explanation for this lack of agreement.
The calculated structure for CNcpd͑N 2 ͒ 1 is shown in Fig.  6 . The N 2 molecule is above the ring with its bond axis parallel to it at ϳ3.33 Å. The N 2 molecule is displaced toward the CN group as is the Ar atom for the CNcpd͑Ar͒ 1 cluster. The vdW vibrations for the CNcpd͑N 2 ͒ 1 clusters can be assigned as a progression in built on both the origin and b y at 0 0 0 ϩ25 cm Ϫ1 and rotational levels of N 2 associated with these transitions. The calculated value of b y is 17 cm
Ϫ1
. The calculation overestimates the energy of the stretching mode by roughly 30%. . The cluster vibronic spectrum consists of two progressions in a mode at ϳ45 cm
, one built on the 0 0 0 and the other built on the 0 0 0 ϩ25 cm Ϫ1 feature. The HB spectrum shows that both progressions arise from the 0 0 level and can be associated with a single isomer. Hot band features allow ground state vibrational modes to be identified and assigned as well. The cluster shift in this instance is quite large and negative, Ϫ167.3 cm
. The observed vdW modes are assigned to ϳ45 cm Ϫ1 and b y ϳ25 cm Ϫ1 and are summarized in Table V . The cluster calculated structure is depicted in Fig. 6 . The CF 4 molecule is coordinated to the aromatic CNcpd ring nearly directly over C 1 , the carbon to which the CN group is attached. Three F atoms coordinate to the ring -system and one points away from it. The latter C-F bond is parallel to the cluster z axis. One of the fluorine atoms close to the ring is away from the CN-C 1 direction (ϩy), and the two other fluorine atoms close to the ring lie on either side of the CN-C 1 bond. These two fluorine atoms extend beyond the cpd ring system and appear to be coordinating to the CwN portion of the -system of CNcpd. The binding energy for CNcpd͑CF 4 ͒ 1 is more than a factor of 2 larger than that for CNcpd͑Ar͒ 1 . Both the large electron density on the fluorines and their charge contribute to the substantial binding energy. The calculated cluster shift for CNcpd͑CF 4 ͒ 1 is Ϫ173 cm Ϫ1 and is in excellent agreement with the observed shift of Ϫ167.3 cm
. The vibrational assignments given in Fig. 4 and ) are consistent with guidelines stated for vibrational assignments above.
CNcpd"C 2 F 6 … 1
The spectrum of the CNcpd͑C 2 F 6 ͒ 1 cluster is presented in Fig. 5 . The spectroscopic shift for this cluster is the smallest of those reported in this study: The cluster 0 0 0 lies at . All features in the cluster spectrum arise from the same ground state level and thus, from a single isomer.
Structure calculations give two isomers for this cluster: One with C 2 F 6 lying with its C-C axis parallel to the CNcpd ring plane, and the other with one CF 3 group coordinated to the ring -system and the other one away from ring -system, with the C-C axis perpendicular to the ring. These structures are depicted in Fig. 6 . The more stable structure is the former by roughly 100 cm Ϫ1 ͑900 vs 789 cm
Ϫ1
͒. Apparently only the more stable one is found in the supersonic expansion. These structures are reminiscent of those found for benzene and toluene solvated by ethane. 1, 31 The calculated shift for this cluster is roughly structure independent and is about three times larger than that observed. One possible reason for this lack of agreement for the calculated and experimental shifts is that, for this large solvent molecule, the hydrogen atoms of cpd can no longer be considered unaffected by the electronic excitation ͑see 
CNcpd"CH 4 … 1
CNcpd͑CH 4 ͒ 1 is the only Xcpd-methane cluster identified in this study: For reasons to be discussed in the next section, other Xcpd͑CH 4 ͒ 1 or Xcpd͑CD 4 ͒ 1 could not be detected by excitation or pump-probe techniques on the ns time scale. Figure 7 shows the spectra of CNcpd͑CH 4 ͒ 1 and (CD 4 ͒ 1 . The spectroscopic shift for the CH 4 cluster is quite large, Ϫ184.3 cm
Ϫ1
, and for the CD 4 cluster the apparent shift is approximately Ϫ150 cm
. This apparent isotopic effect on the shift of ϳ35 cm Ϫ1 must surely be due to missing features in the CD 4 cluster's spectrum that are lost in the broad underlying background both cluster spectra display. The spectra are quite crowded for this system, due partly to internal rotation of CH 4 or CD 4 and combinations and overtones. As expected, the internal rotor features are far better resolved for CH 4 than for CD 4 cluster spectra.
The calculated structure for the CNcpd͑CH 4 ͒ 1 cluster is quite similar to that described for CNcpd͑CF 4 ͒ 1 as shown in Fig. 6 . The solvent is coordinated to the ring -system but displaced toward the CN substituent and nearly over C 1 with a binding energy of 518 cm Ϫ1 in the radical ground state. Three of the four hydrogens of CH 4 are close to the ring and the barrier to internal rotation of the methane about the CH bond parallel to the cluster z axis is small. The calculated cluster shift is Ϫ122 cm
, which is about 50% too small. C. cpd/Ar, N 2 , CF 4 , and C 2 F 6 clusters cpd clustered with Ar, N 2 CF 4 , and C 2 F 6 displays much sparcer and weaker cluster spectra than those for the comparable CNcpd species. HB spectra are too weak for these clusters to be definitively useful. As shown in Fig. 8 , cluster spectra for both mcpd and cpd are obtained together due to the proximity of the two radical 0 0 0 transitions. In this section we discuss cpd cluster spectra and in the following one we discuss mcpd cluster spectra. , respectively. The cluster shifts for these species are given in Table IV . The shifts for cpd͑Ar͒ 1 and cpd͑N 2 ͒ 1 are quite large ͑Ϫ123.1 and Ϫ166.8, respectively͒ compared to those for the comparable CNcpd clusters. The shifts for the CF 4 and C 2 F 6 clusters are similar to those for the comparable CNcpd clusters.
The calculated ground state structures for these clusters are presented in Fig. 9 . The basic structure here is as expected: The solvent species lie over the ring center, placed symmetrically, and coordinated to the -system of the radical. The barriers for rotation of the solvent molecule about the cluster z axis are low for N 2 , CH 4 , and CF 4 .
The cpd͑C 2 F 6 ͒ 1 cluster has two possible calculated conformers with binding energies that are quite similar ͑791 and 705 cm Ϫ1 ͒. By comparison with other clusters, we suggest that only one isomer is present in the expansion and that this isomer is probably the one with the larger calculated binding energy ͑isomer 1, with the C 2 F 6 C-C bond axis parallel to the cpd ring plane͒.
The calculated cluster shifts for cpd͑N 2 ͒ 1 and cpd͑CF 4 ͒ 1 are in reasonable agreement with those observed as given in Table IV . The calculated shift for cpd͑C 2 F 6 ͒ 1 is nearly a factor of 4 too large. Apparently some interaction term or potential component that reduces the red shift expected from our shift analysis procedure ͑as discussed above͒ has been omitted from consideration for the C 2 F 6 solvent, as all Xcpd͑C 2 F 6 ͒ 1 clusters have roughly the same calculated shift errors as found for CNcpd and cpd clusters. This consistent difference between the calculated and experimental values for the Xcpd͑C 2 F 6 ͒ 1 cluster shifts, in general, is both remarkable and surprising.
vdW mode progressions that are quite harmonic can be identified for nearly all of the clusters and correspond to the totally symmetric z axis stretch mode . These are indicated in Fig. 8 and Table V , respectively. The calculated cluster shifts are in good agreement for N 2 and CF 4 clusters, but again are high by a large factor ͑four, in this case͒ for the C 2 F 6 cluster. Table IV gives this information. Calculated ground state structures for this system are found in Fig. 10 and are as expected, based on the clusters discussed above. Low binding energy isomers can also be found for these systems with the solvent molecule coordinated to the CH 3 group of the radical, but these are dismissed as possible physical cluster structures.
Some spectroscopic features can be identified as arising from the methyl rotational motion for mcpd itself. These are especially obvious in the mcpd͑Ar͒ 1 spectrum as all features are doublets as expected for CH 3 nearly free rotation in either the D 0 and D 1 states. Other cluster spectra have additional features associated with the main vibronic bands that can be attributed to both solvent and methyl motion. As for cpd clusters, the z stretch vdW mode is the major vibronic 4 , and C 2 F 6 . mcpd͑C 2 F 6 ͒ 1 is the only system that presents two possible isomers. feature for Ar, N 2 , and CF 4 mcpd clusters. The mcpd͑C 2 F 6 ͒ 1 cluster seems to suggest ϳ25 and 32 cm Ϫ1 features, which may be best assigned by b y and b x modes, respectively, but this assignment is not terribly firm.
E. Fcpd/Ar, N 2 , CF 4 , and C 2 F 6 clusters
The cluster spectra for Fcpd are very similar to those found for cpd and mcpd. Figure 11 presents these spectra. The cluster origins lie at 30 632. 1, 30 593.7, 30 520.1, and 30 705.9 cm Ϫ1 for the (Ar) 1 , (N 2 ) 1 , (CF 4 ) 1 , and (C 2 F 6 ) 1 cluster spectra, respectively. Figure 12 depicts the calculated ground state cluster structures with calculated binding energies given in Table IV . Isomer 1 as before is probably the only observed Fcpd͑C 2 F 6 ͒ 1 cluster. With the exception of Fcpd͑C 2 F 6 ͒ 1 , all shifts are well calculated by the techniques and approximations outlined above, even the especially large one for Fcpd͑CF 4 ͒ 1 . The main vdW mode progressions are clearly in for Fcpd͑Ar͒ 1 , (N 2 ) 1 , and (CF 4 ) 1 clusters. Table V summarizes these results.
Again the (C 2 F 6 ) 1 cluster presents a shift anomaly ͑Ϫ220 cm Ϫ1 calculated, Ϫ52 cm Ϫ1 observed͒ and its vibrational progressions appear to be different. The vibronic assignment assumes that the origin of the cluster transition lies at 30 705.9 cm Ϫ1 and is the first sharp, intense feature in the spectrum, followed by b y or b x ͑25 cm Ϫ1 ͒ and ͑42 cm Ϫ1 ͒.
The weak broader features to the low energy side of the origin are probably hot bands.
IV. DISCUSSION
A. Cluster shifts
As pointed out earlier, the cluster spectroscopic shifts for all four Xcpd radical clusters are quite large compared to those found for other aromatic species, either radicals or stable molecules. For example, the cluster shift for aniline (Ar) 1 32 The Xcpd cluster shifts reported herein are also large compared to those observed for other radicals. For example, the benzyl͑Ar͒ 1 shift is Ϫ23.8 cm
Ϫ1
. 16 The shifts for Xcpd͑Ar͒ 1 fall between Ϫ90 and Ϫ140 cm Ϫ1 as given in Table IV .
The shifts reported in this work for Xcpd clusters are similar in magnitude to those found for the Rydberg states of dioxane, DABCO, and ABCO. 33 Ground state binding energies for these latter clusters are relatively small, less than 400 cm Ϫ1 for Ar 1 clusters. Additionally, the benzyl radical͑Ar͒ 1 16 cluster has a binding energy of ϳ400 cm Ϫ1 in the ground state, not that different than the Xcpd͑Ar͒ 1 binding energies given in Table IV . This comparison of shifts and binding energies suggests that the Xcpd cluster shifts arise from a change in atomic parameters comparable to those found for Rydberg states relative to their respective ground states. The atomic parameters ␣ i and r i are closely related to atomic charges and atomic volumes. 34 As the change in q i is not large enough to justify the large shifts, this suggests that the increase in binding energy upon electronic excitation ͑i.e., the cluster spectroscopic shift͒ may be due to a large change in atomic volume. The comparison, presented in Table IV , between excited state binding energies calculated in two different ways ͑col-umns p1 and p2) is instructive. Column p1 contains excited state binding energies calculated with excited state atomic charges and geometries for the Xcpd radicals but ground state vdW parameters ␣ i , r i . Column p2 contains excited state binding energies based on the complete set of vdW parameters, charges, and geometries for excited state Xcpd radicals. vdW parameters are obtained as discussed above based on radical-Ar cluster shift data. From this comparison one can determine that neither the change in atomic charges nor the change in radical geometry is responsible for the cluster spectroscopic shifts. The shift derives from a change in atomic polarizabilities and volumes as expressed ͑in this instance͒ through the Lennard-Jones vdW parameters.
The Xcpd radical clusters with C 2 F 6 present a surprisingly small shift compared to both the other experimental shifts and the calculated shifts as shown in Table IV . The observed shifts for Xcpd͑C 2 F 6 ͒ 1 are all approximately Ϫ60 cm Ϫ1 and those calculated are all Ϫ160 to Ϫ220 cm Ϫ1 independent of the isomer structure. One possible explanation for this difference is that the C 2 F 6 molecule in the isomer 1 interacts strongly with the hydrogen atoms because of its size ͑see Figs. 5, 8, 9, and 11͒ . Under this circumstance the determined excited state radical vdW carbon parameters would be incorrect and the hydrogen vdW parameter changes upon excitation would be ignored. The potential surface parameters derived for the Xcpd͑Ar͒ 1 cluster fit would thus not apply to Xcpd͑C 2 F 6 ͒ 1 clusters.
Cluster shifts are calculated as a difference between two binding energies, E(D 1 ) and E(D 0 ), and the excited state binding energy is obtained employing the Xcpd͑Ar͒ 1 cluster fitted shift. cpd͑He͒ 1 and cpd͑Ne͒ 1 clusters have also been investigated and their binding energies and structures have been reported. 17 If the cpd͑Ar͒ 1 excited state fitted potential parameters are used to estimate cpd͑He͒ 1 and cpd͑Ne͒ 1 spectroscopic shifts ͑Ϫ13.7 and Ϫ17.0 cm Ϫ1 , respectively͒, the calculated shifts are too large by a factor of 3. If, on the other hand, the He and/or Ne cpd cluster data are used to determine the excited state potential parameters, a nearly exact simultaneous fit can be obtained for both cpd͑He͒ 1 and cpd͑Ne͒ 1 cluster shifts. In this case, however, calculated cluster spectroscopic shifts for cpd͑Ar͒ 1 , cpd͑Kr͒ 1 , and cpd͑Xe͒ 1 clusters are low by factors of 3, 5, and 7 compared to the experimental shifts 35 Ϫ122, Ϫ226, and Ϫ466 cm Ϫ1 , respectively. The reason for these discrepancies is clear: Xcpd have very high electron affinities ͑ϳ2.0 eV or greater͒ and the heavier rare gases have low ionization energies ͑ϳ15 eV or less͒. Thus, while the cpd͑Ar͒ 1 potential fit for the excited state potential parameters of Xcpd makes sense for CH 4 , N 2 , CF 4 , etc., which all have similar ionization energies and polarizabilities to each other and to Ar, it would not make sense for He and Ne clusters with cpd because He and Ne have much higher ionization energies and much lower polarizabilities. The conclusion must follow that the heavier rare gas-cpd clusters contain significant contributions to their binding energies and interactions ͑especially for excited state Xcpd͒ from charge transfer.
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B. Cluster structures
Calculation of the cluster ground state structure is typically quite reliable because the potential parameters for the interactions are well known and thoroughly tested for many systems. 21 Additionally, the Franck-Condon factors for the cluster vibrational structure strongly suggest that the ground and excited state structures are similar, and that the major change in potential upon D 0 to D 1 excitation is along the z and y directions ͑see Table I͒. The calculated ground state cluster structures are not at all surprising in light of those calculated and determined for the benzyl radical and aromatic molecule clusters found in the literature. 1, 2, 16, 19 One even expects the two structures for Xcpd͑C 2 F 6 ͒ 1 , based on previously reported aromatic-C 2 H 6 cluster structures. 1, 31 In the case of C 6 H 5 X͑C 2 H 6 ͒ 1 , however, both structures are observed in the supersonic expansion. For Xcpd͑C 2 F 6 ͒ 1 , HB spectra make clear that only one isomer ͑presumed to be the lower energy isomer 1͒ is detected for all Xcpd clusters.
Cluster structures and Xcpd potential energy functions are influenced by the type of ring substitution on the Xcpd radical ͑i.e., XϭH, CH 3 , F, CN͒. The substituent with the largest affect on cluster structure and potential energy is the CN group. The triple bond of the CwN group changes the cluster structure more than the other substituents due to the delocalization and interaction of the two -systems of the radical. In all instances the solvent molecule is significantly displaced toward the CN-C 1 position away from the symmetric ring center position. Also the change in parameters upon excitation is similar for the other radicals, but much different for CNcpd. In fact, the same set of excited state C, H parameters can be employed for both cpd and Fcpd; and mcpd parameters are only slightly different from those for cpd. A very different set of potential parameters is needed to generate the CNcpd shifts and these give rise to the unique calculated cluster geometries.
Studies of cpd͑He͒ 1 and cpd͑Ne͒ 1 clusters 17 suggest that these clusters have the rare gas atom centered over the cpd -system ring at a z distance of 3.77 Å and 3.58 Å, respectively. The authors of Ref. 17͑c͒ find these separations surprisingly larger. Our ground state structure calculations give 2.98, 3.13, 3.48, 3.61, and 3 .79 Å for cpd clustered with He, Ne, Ar, Kr, and Xe, respectively. These latter distances fall directly in place with those of other aromatic molecule-rare gas clusters that are measured and calculated. 19 We cannot explain the reported 17 large equilibrium distances for cpd͑He͒ 1 and cpd͑Ne͒ 1 except to suggest that large zero point motion and very flat potentials could contribute to the large motionally arranged separations.
C. Cluster vdW modes
The vdW modes identified in these cluster spectra are b x , b y , : b x is a translation ͑bend͒ that moves the solvent perpendicular to the ͑y͒ symmetry axis of Xcpd which goes through the XC 1 bond; b y is a translation in the y direction toward the substituent; and is the z-stretching mode perpendicular to the ring plane. For the CNcpd clusters and b y are the main progression forming modes and b x is weak if identified at all. For the F-, H-, CH 3 -cpd clusters, is the main progression forming mode and b x and b y are weak. This trend can be understood based on the potential energy surface parameters presented in Table I . For CNcpd the major parameter changes upon excitation are for the CN group and the ring carbon atoms, but for the other radicals the major changes are only for the ring carbon atoms. Thus, the solvent species move parallel (b y ) and perpendicular ͑͒ to the ring plane upon CNcpd electronic excitation, but move mostly perpendicular ͑͒ to the ring plane upon CH 3 -, F-, Hcpd electronic excitation.
In general, each cluster has two or three more van der Waals modes that approximately represent torsions (t i ) about the x,y,z axes of the cluster. For symmetric species (N 2 , CH 4 , etc.͒, the z-torsional (t z ) motion of the solvent is not highly constrained by the cluster potential energy surface and t z is best represented as a weakly hindered internal rotor. 1, 13, 19 For nonsymmetric species, the t z modes are often of high energy and typically not observed in the van der Waals mode region of the cluster electronic spectra. The t x and t y modes are typically the highest energy cluster modes ͑Ͼ100 cm
Ϫ1
͒ and not observed in cluster vibronic spectra. Two reasons are typically cited for absence of the torsional van der Waals modes in the cluster vibronic spectra: FranckCondon factors; and poor vibronic coupling to higher energy electric dipole allowed transitions. 37 In principle, one could employ the van der Waals mode eigenvectors to calculate transition intensities for the vibronic features to check the vibrational assignments which are based on vibrational energy and previous experience with van der Waals mode electronic spectroscopy. 1, 13, 16, 37 Franck-Condon factors and van der Waals mode vibronic coupling 19, 37 make this comparison, based only on vibrational mode considerations, not meaningful and beyond the present scope of our understanding of the electronic structure and vibronic interactions for Xcpd radicals and their clusters. Note, too, that strong vibronic coupling interactions are suggested for even the bare Xcpd radicals because of the factor of ϳ10 lifetime shortening observed for higher vibronic states of D 1 . 30 Such quantitative calculations are at present not even possible for well-known systems such as benzene-CH 4 , N 2 , C 2 H 6 , C 2 H 4 , H 2 O, NH 3 , etc.
D. Possible cluster chemistry
A number of pieces of evidence point to the existence of a chemical reaction between the Xcpd radicals in their excited electronic state and methane. The nature of this reaction is an electrophilic radical abstraction of an H atom by cpd to generate cyclopentadiene.
First, the only cluster with CH 4 observed for these radicals is CNcpd͑CH 4 ͒ 1 . Since CN stabilizes both the ground and excited electronic configuration through resonance structures, one would expect this system to be the least reactive. Second, the calculated shift for CNcpd͑CH 4 ͒ 1 is almost the only calculated value that is too small. All the other calculated shifts except for CNcpd͑N 2 ͒ 1 , for which reaction is not possible, are either very close to the observed value or larger than it. Calculated CH 4 cluster shifts for other ͑nonreactive͒ radicals ͑e.g., benzyl 16 and NCO 15 ͒ are nearly exactly correct. Third, the CNcpd͑Ar͒ 1 cluster demonstrates clear cluster structure at an internal CNcpd vibronic feature at 27 640 cm
Ϫ1
, but CNcpd͑CH 4 ͒ 1 does not. Of course, vibrational dynamics could be responsible for this loss of structure, but the cluster bonding energy is ϳ700 cm Ϫ1 in the excited state ͑640 cm Ϫ1 is calculated, but the shift is 60 cm Ϫ1 too small͒ and the cluster is probably still bound at this energy even if the vibrational redistribution is rapid. 6 Thus, the suggestion is that ϳ600 cm Ϫ1 of excess vibrational energy in the D 1 state is sufficient to cause the reaction to occur ͑i.e., E act Ͻ600 cm Ϫ1 on the D 1 radical surface͒. Fourth, the appearance of the CNcpd͑CH 4 ͒ 1 and CNcpd͑CD 4 ͒ 1 spectra is unique for this cluster system, and even for other CH 4 clusters of aromatic radicals and aromatic stable molecules. In all instances of which we are aware, for one-to-one methane clusters with chromophores that are not reactive in either their ground or first excited electronic states, cluster spectra are sharp and well defined, and the CD 4 and CH 4 spectra are quite similar. 1, 33 Clearly this is not the case for CNcpd͑CH 4 ͒ 1 and CNcpd͑CD 4 ͒ 1 . Indeed, the two spectra are different and appear to have ϳ35 cm Ϫ1 different cluster shift ͑see Table  IV͒ . This shift difference may not be a correct representation and may simply arise from different spectroscopic intensities or Franck-Condon factors, but the character of the two spectra is quite different. Many of the features in the CH 4 cluster spectrum are due to methane rotation above the ring and one expects to find poorer resolution in the CNcpd͑CD 4 ͒ 1 spectrum than in the CNcpd͑CH 4 ͒ 1 spectrum. Nonetheless, such loss of structure, the broad background, and crowded spectrum are all spectroscopic characteristics that can be associated with a chromophore undergoing chemical reaction but confined to the reactant side of a small ͑Ͻ600 cm Ϫ1 ͒ barrier. The above four points or observations only suggest that a chemical reaction for Xcpd-methane clusters can occur. If this is true, the reaction has just begun for CNcpd͑CH 4 ͒ 1 and CNcpd͑CD 4 ͒ 1 , on the D 1 potential energy surface, but has proceeded further for the other Xcpd (XϭH, F, CH 3 ) radicals. If the reaction does indeed occur, the radical reactivity would be in the order mcpdϳcpdϾFcpdӷCNcpd, for an electrophilic radical abstraction of an H atom. Additionally, CH 4 would be more reactive in this regard than CH 3 F, CH 2 F 2 , CHF 3 , etc., because the H atoms of methane would have a higher electron density than those of halogen substituted methanes; of course, methyl substituted methanes would be still more reactive toward H atom abstraction than methane itself. By adding more F atoms to methane, one can generate a reactivity scale for the reaction partner. The results of these experiments will be presented in paper III of this series, but their general behavior is consistent with the above trends and analysis. The most consistent and simple explanation of this data set is that an incipient chemical bond forms in the D 1 state of Xcpd radicals clustered with methane and halo substituted methanes.
A properly crafted experiment, in which the photolysis and clustering processes are spatially separated, would also allow the search for the CH 3 radical formed from this reaction.
V. CONCLUSIONS
Substituted cyclopentadienyl radicals can be readily clustered with simple atomic, diatomic, and polyatomic solvent species and their cluster vibronic spectra obtained. These spectra have many common features: The two most important are ͑1͒ that all clusters have much larger spectroscopic shifts than other comparable aromatic molecule or radical species-solvent clusters, and ͑2͒ that the most prevalent van der Waals modes in the spectra are the z-stretch ͑͒, the y-bend (b y ) and the x-bend (b x ). Calculated cluster structure shows that, considering van der Waals and Coulomb interactions, the CN substituent has the most significant effect on the position of solvent species with respect to displacement from the ring center. Vibronic features for the CNcpd clusters tend to be b y bends and stretches, while those for the other radicals ͑Fcpd, cpd, mcpd͒ tend to be only stretches.
Ab initio calculations are presented to obtain ground and excited state atomic charges for the radicals in order to generate potential parameters to obtain vdW modes, binding energies, and cluster structures. The calculations are checked by transition energies for the D 1 ←D 0 bare radical transitions and structures. Ground state solvent calculations are also performed to get atomic charges. Charges are a function of the basis set chosen and the method of calculating the charges from the obtained wave function. The method that gives converged results for good basis sets ͑larger than 6-31G**) is the potential grid algorithm.
Atom-atom potential energy calculations reproduce fairly accurately the observed cluster spectroscopic shifts, except for CNcpd͑N 2 ͒ 1 and CNcpd͑CH 4 ͒ 1 clusters, and for Xcpd͑C 2 F 6 ͒ 1 clusters. We suggest that the latter large solvent molecule does not conform to the approximations used to obtain excited state carbon parameters for the van der Waals terms in the interaction potential. In general, however, the approach taken to obtain an excited state potential surface for the radical ͓that is, calculating charges, fitting carbon, and substituent potential parameters to the Xcpd͑Ar͒ 1 shift͔ is a reasonable qualitative technique.
The potentials thus obtained and verified seem to give qualitative values for ground and excited state vdW modes for the clusters. These calculations are sufficient to generate tentative vdW mode assignments for the observed cluster vibronic structures.
We present arguments that the Xcpd͑CH 4 ͒ 1 clusters can react on the excited state cluster potential surface, based on several observations: ͑1͒ Only the CNcpd͑CH 4 ͒ 1 cluster is observed; ͑2͒ CNcpd͑CH 4 ͒ 1 and CNcpd͑CD 4 ͒ 1 spectra are broad; ͑3͒ CNcpd͑CH 4 ͒ 1 and (CD 4 ͒ 1 show very large spectroscopic cluster shifts ͑much larger than calculated͒; and ͑4͒ these spectra are completely different from other aromatic molecule and radical-methane cluster spectra. Paper III of this series presents more detail and systematic experimental and theoretical data dealing with the Xcpd-CH 4 excited state chemistry.
